Considerable attention has been focused on both highly oxidized low-density lipoprotein (ox-LDL) and mildly oxidized LDL (mox-LDL) as important risk factors for cardiovascular disease. Further, 5-hydroxytryptamine (5-HT) appears to play a crucial role in the development of atherosclerotic plaque. We assessed the interaction of oxidatively modified LDL and its major oxidative components, ie, hydrogen peroxide (H 2 O 2 ), lysophosphatidylcholine (LPC), and 4-hydroxy-2-nonenal (HNE) with 5-HT on DNA synthesis in vascular smooth muscle cells (VSMCs). Growth-arrested rabbit VSMCs were incubated in serum-free medium with native LDL, mox-LDL, ox-LDL (all 50 ng/mL), H 2 O 2 (0.5 µM), LPC (1 µM), or HNE (0.1 µM) for 24 hours followed by 5-HT (5 µM) for another 24 hours. DNA synthesis in VSMCs was measured by [ 3 H]thymidine incorporation. Significant effects on [ 3 H]thymidine incorporation were observed in VSMCs incubated with mox-LDL (129%), ox-LDL (129%), H 2 O 2 (119%), LPC (115%), HNE (127%), or 5-HT (183%) in contrast with native LDL (113%). The mitogenic effect of 5-HT was potentiated by mox-LDL, ox-LDL, H 2 O 2 , LPC, or HNE (183 to 365%, 274%, 304%, 339%, or 273%, respectively) but not by native LDL (240%). The mitogen-activated protein kinase (MAPK) kinase inhibitor PD98059 (10 µM) signficantly inhibited the mitogenic effect of 5-HT but did not influence the effects of mox-LDL, ox-LDL, H 2 O 2 , LPC, or HNE. The intracellular antioxidant N-acetylcysteine (400 µM) siginificantly inhibited the mitogenic effects of mox-LDL, ox-LDL, H 2 O 2 , LPC, and HNE but not that of 5-HT. Our results suggest that mox-LDL, ox-LDL, and their major components H 2 O 2 , LPC, and HNE act synergistically with 5-HT in inducing VSMC DNA synthesis via MAPK and redox-sensitive pathways, contributing to the development of atherosclerotic plaque. (Jpn Heart J 2002; 43: 35-42) 
LOW-density lipoprotein (LDL), a major carrier of cholesterol, is one of the most important risk factors for cardiovascular disease. Therefore, the effect of LDL on vascular smooth muscle cells (VSMCs) has been under intense investigation. An oxidative modification of LDL increases its atherogenic potential since oxidatively modified LDL has been shown to be more mitogenic for VSMCs and monocytes. 1) LDL oxidation is a progressive process leading initially to the formation of mildly oxidized LDL (mox-LDL; defined by low content of lipid peroxidation derivatives), and later to highly oxidized LDL (ox-LDL; characterized by high levels of lipid peroxidation derivatives and severe apoB alterations).
2) Ox-LDL exhibits a wide variety of biological effects potentially involved in atherogenesis, such as alterations of (1) lipid metabolism (leading to foam cell formation), (2) gene expression (of adhesion molecules, heat shock proteins, cytokines, growth factors, coagulation proteins), (3) cell migration, motility, and contractility, (4) cell viability, (5) local immune response, and (6) vasomotor tone.
3) Ox-LDL is characterized by altered chemical and physical properties, including elevated levels of lipid hydroperoxides, oxidized sterols, lysophosphatidylcholine (LPC), degradation fragments of apo B-100, and increased electrophoretic mobility.
3) It has also been demonstrated that 4-hydroxy-2-nonenal (HNE), a major lipid peroxidation product of ox-LDL, and LPC and reactive oxygen species (ROS), two active ingredients of mox-LDL, stimulate VSMC growth. 4, 5) We and others have demonstrated that mox-LDL and ox-LDL potentiate the contractile and mitogenic effects of 5-hydroxytryptamine (5-HT), also known as serotonin, in VSMCs via the 5-HT 2A receptor coupled with G protein. 6, 7) However, the downstream signal pathways have yet remained unclear.
The aim of this study was to examine the mechanism responsible for synergistic interaction of mox-LDL, ox-LDL, or their oxidative components such as hydrogen peroxide (H 2 O 2 , a donor of ROS), LPC, and HNE with 5-HT on DNA synthesis in cultured VSMCs. Mox-LDL and ox-LDL were prepared as described previously. 5) Lipoprotein concentrations are expressed as protein concentrations. Even at a concentration of 10 mg/mL, native LDL (n-LDL) showed no development of thiobarbituric acid-reactive substances (TBARS), whereas mox-LDL showed a slight increase in TBARS formation (2 to 4 nmol/mg protein) with no change in the electrophoretic mobility. In contrast, ox-LDL showed a significant increase in TBARS formation (35 nmol/mg protein) and an increase in the electrophoretic mobility.
MATERIALS AND METHODS

Materials
Cell culture:
VSMCs were isolated from the thoracic aortas of male New Zealand White rabbits (body weight 2.5 to 3 kg, n=30) by the explant method and were cultured in a humidified atmosphere (5% CO 2 /95% air) at 37°C. 4, 5) After 3 to 4 weeks, the tissue blocks were removed and the migrated VSMCs were cultured, followed by subculture using trypsinization. The identity of the VSMCs was confirmed by morphological examination and by staining for α-actin. DNA synthesis: DNA synthesis was examined by measurement of [ 3 H]thymidine incorporation into the cellular DNA. 4, 5) After synchronization or growth arrest of VSMCs in passage 1 to 2, the medium was replaced with Dulbecco's modified Eagle's medium containing 500 µg/mL bovine serum albumin, 10 µg/mL bovine insulin, 20 µg/mL human transferrin, 25 ng/mL selenium, and 100 µM pargyline. Following this, two different experiments were performed, as outlined below.
Experiment 1: VSMCs were incubated with indicated concentrations of n-LDL, mox-LDL, ox-LDL, H 2 O 2 , LPC, or HNE for 24 hours followed by 5-HT (5 µM) for another 24 hours. Experiment 2: VSMCs were incubated with the same concentrations of mox-LDL, ox-LDL, H 2 O 2 , LPC, or HNE along with the mitogen-activated protein kinase (MAPK) kinase inhibitor PD98059 (10 µM) or the intracellular antioxidant NAC (400 µM) for 24 hours followed by 5-HT (5 µM) for another 24 hours.
For all experiments, VSMCs were exposed to [ 3 H]thymidine incorporation in a dose-dependent manner. Mox-LDL and ox-LDL had a maximal effect at a concentration of 5 µg/mL (211±25%, 154±2%), H 2 O 2 at 5 µM (177±7%), LPC at 15 µM (156±8%), HNE at 1 µM (143±8%), and 5-HT at 50 µM (211+14%). Our previous studies also have shown a significant interaction in inducing VSMC proliferation when low concentrations of two or more compounds were added together. 4, 5, 7, 8) Therefore, in the present study, we evaluated the interaction between low concentrations of n-LDL, mox-LDL, ox-LDL (all 50 ng/mL), H 2 O 2 (0.5 µM), LPC (1 µM), or HNE (0.1 µM) and 5-HT (5 µM) (Figure 1) . Mox-LDL, ox-LDL, H 2 O 2 , LPC, and HNE had a slight but significant effect on ited the mitogenic effect of mox-LDL, ox-LDL, H 2 O 2 , LPC, or HNE (at least p<0.05) but not that of 5-HT.
DISCUSSION
In the present study, we show that mox-LDL and ox-LDL and their oxidative components LPC, H 2 O 2 , and HNE have a mitogenic effect and further potentiate the mitogenic effect of 5-HT on VSMCs. The MAPK inhibitor PD98059 significantly inhibited the mitogenic effect of 5-HT only. In contrast, NAC significantly inhibited the mitogenic effect of mox-LDL, ox-LDL, H 2 O 2 , LPC, and HNE, but not that of 5-HT.
It is generally accepted that oxidatively modified LDL plays an important role in the development of atherosclerosis by inducing VSMC proliferation. 1, 3) LDL oxidation is a progressive process initially leading to the formation of mox-LDL and later to ox-LDL. The extent of changes in LDL particles induced by oxidation depends on the pro-oxidant conditions, and the length of time the particles are exposed to these conditions. Under physiological conditions which include the presence of various antioxidants such as α-tocopherol and β-carotene in the plasma, complete oxidation of LDL may not be feasible. A more likely scenario is the partial oxidation of LDL with the production of mox-LDL, which was shown to act more synergistically with 5-HT than ox-LDL and n-LDL in this study. Thus, an interaction between mox-LDL and other mitogens for VSMCs may play an important role in the development of atherosclerosis.
The increased atherogenic effect of mox-LDL or ox-LDL is attributed to the chemical changes brought about by the oxidation processes to the components of LDL, namely, generation of ROS and conversion of phosphatidylcholine to LPC. 9) During the early stages of oxidation, there is a significant accumulation of peroxides and presumably also other ROS, whereas the LPC levels are still relatively low. After 24 hours of oxidative stress, LDL contains large amounts of LPC but only small amounts of ROS. 9) Extensive oxidation is associated with the formation of HNE. 4) Thus mox-LDL may contain a moderate level of LPC and ROS and a minimal concentration of HNE, whereas ox-LDL may contain high concentrations of LPC and HNE. Several studies from our laboratory and others have shown that mox-LDL and ox-LDL and their oxidative components, ie, LPC, ROS, and HNE induce VSMC proliferation. 4, 5, [9] [10] [11] [12] [13] [14] Ox-LDL, ROS, LPC, and HNE activate the redox-sensitive pathway as well as the extracellular signal-regulated kinase (ERK) 1/2 MAPK pathway. [13] [14] [15] [16] [17] [18] [19] [20] In the present study, mox-LDL, ox-LDL, H 2 O 2 , LPC, or HNE-induced DNA synthesis was significantly reduced by the intracellular antioxidant NAC but not by the MAPK kinase inhibitor PD98059, suggesting that the mitogenic effect of mox-LDL, ox-LDL, H 2 O 2 , LPC, or HNE may be mediated predominantly via the redox-sensitive pathway.
Serotonergic receptors have been subdivided into ligand-gated receptors and pertussis toxin-sensitive G protein-coupled receptors. 7, 21) The latter class is divided further into three subclasses according to the second messenger pathways to which the receptors are coupled.
21) The mitogenic effect of 5-HT on rabbit aortic VSMCs is mediated predominantly by 5-HT 2 receptors that are coupled to the activation of phospholipase C. 21) Previous studies have shown that the mitogenic effect of 5-HT on aortic VSMCs is mediated via the 5-HT 2A receptor coupled with pertussis toxin-sensitive G protein and is linked to an intracellular signaling pathway that involves c-Src protein tyrosine kinase and also protein kinase C and the ERK1/2 MAPK. 7, [21] [22] [23] [24] In the present study, the mitogenic effect of 5-HT was significantly inhibited by the MAPK kinase inhibitor PD98059 but not by the intracellular antioxidant NAC. These findings suggest that the combined stimulation of the MAPK pathway by 5-HT and the redox-sensitive pathway by mox-LDL, ox-LDL, H 2 O 2 , LPC, or HNE may induce these synergistic interactions.
In conclusion, our results suggest that mox-LDL and ox-LDL and their oxidative components LPC, H 2 O 2 (a donor of ROS), and HNE may act synergistically with 5-HT in inducing VSMC proliferation via MAPK and redox-sensitive pathways, contributing to the development of atherosclerotic plaque.
